Action potentials in juvenile and adult rat layer-5 neocortical pyramidal neurons can be initiated at both axonal and distal sites of the apical dendrite. However, little is known about the interaction between these two initiation sites. Here, we report that layer 5 pyramidal neurons are very sensitive to a critical frequency of back-propagating action potentials varying between 60 and 200 Hz in different neurons. Bursts of four to five back-propagating action potentials above the critical frequency elicited large regenerative potentials in the distal dendritic initiation zone. The critical frequency had a very narrow range (10 -20 Hz), and the dendritic regenerative activity led to further depolarization at the soma. The dendritic frequency sensitivity was suppressed by blockers of voltage-gated calcium channels, and also by synaptically mediated inhibition. Calcium-fluorescence imaging revealed that the site of largest transient increase in intracellular calcium above the critical frequency was located 400 -700 m from the soma at the site for initiation of calcium action potentials. Thus, the distal dendritic initiation zone can interact with the axonal initiation zone, even when inputs to the neuron are restricted to regions close to the soma, if the output of the neuron exceeds a critical frequency.
Action potentials in juvenile and adult rat layer-5 neocortical pyramidal neurons can be initiated at both axonal and distal sites of the apical dendrite. However, little is known about the interaction between these two initiation sites. Here, we report that layer 5 pyramidal neurons are very sensitive to a critical frequency of back-propagating action potentials varying between 60 and 200 Hz in different neurons. Bursts of four to five back-propagating action potentials above the critical frequency elicited large regenerative potentials in the distal dendritic initiation zone. The critical frequency had a very narrow range (10 -20 Hz), and the dendritic regenerative activity led to further depolarization at the soma. The dendritic frequency sensitivity was suppressed by blockers of voltage-gated calcium channels, and also by synaptically mediated inhibition. Calcium-fluorescence imaging revealed that the site of largest transient increase in intracellular calcium above the critical frequency was located 400 -700 m from the soma at the site for initiation of calcium action potentials. Thus, the distal dendritic initiation zone can interact with the axonal initiation zone, even when inputs to the neuron are restricted to regions close to the soma, if the output of the neuron exceeds a critical frequency.
T he presence of two initiation zones in different regions of layer 5 (L5) pyramidal neurons (1) has interesting consequences for the integration of synaptic inputs arriving at these cells (for review, see ref.
2). Depolarization in the distal regions of the apical dendrite affects the neuron's firing behavior differently than somatic depolarization by evoking calcium action potentials (Ca 2ϩ -APs) and bursts of somatic APs (3, 4) . Back-propagating sodium APs (Na ϩ -APs) generated in the axon cause depolarization in the distal dendrites (5) and can interact with dendritic synaptic inputs to initiate Ca 2ϩ -APs (4) . In this way, synaptic inputs arriving at locations near the soma influence dendritic Ca 2ϩ electrogenesis through the generation of Na ϩ -APs in the axon. Thus, it is important to understand the relationship between the APs initiated in the axon, the output of the neuron, and dendritic Ca 2ϩ electrogenesis.
APs that back-propagate into the apical dendrite have been shown to cause Ca 2ϩ influx in pyramidal neurons (1, (6) (7) (8) . Bursts of APs have been linked to regenerative activity in the distal dendritic initiation zone (3, 4, 9, 10) . During whisker stimulation, somatically recorded APs in L5 pyramidal neurons of the barrel field of the cortex can occur in high-frequency bursts, each consisting of 2-5 APs at 100-250 Hz (11) . The degree of attenuation of the amplitude of back-propagating dendritic APs increases with increasing distance from the soma and depends on the frequency of APs (5). Single dendritic APs and lowfrequency bursts of APs are attenuated strongly in the distal parts of the dendritic arbor (5, 12) . Here, we explore the relationship between the frequency of APs generated in the axon and regenerative activity in the dendrite. The results show that dendritic Ca 2ϩ electrogenesis is highly frequency-sensitive to back-propagating APs.
Materials and Methods
Slice Preparation. Experiments were performed in somatosensory neocortical slices from adult (28-57 days old) Wistar rats (n ϭ 33). The rats were deeply anesthetized by halothane and decapitated. The brain was quickly removed into cold (0-4°C), oxygenated physiological solution containing: 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 1 mM MgCl 2 , 25 mM dextrose, and 2 mM CaCl 2 (pH 7.4). Sagittal slices, 300 m thick, were cut from the tissue block with a microslicer and kept at 37°C.
Electrophysiology. All experiments were performed at 34.0 Ϯ 0.5°C with dual and triple recordings from single, identified L5 pyramidal neurons by using infrared illumination combined with differential interference contrast optics (13) . Somatic (5-10 M⍀) and dendritic (10-25 M⍀) recording pipettes were filled with the standard intracellular solution containing: 105 mM potassium gluconate, 10 mM Hepes, 4 mM MgATP, 0.3 mM GTP, 30 mM KCl, and 2% biocytin (pH 7.3). Whole-cell recordings were made with up to three Axoclamp-2B amplifiers (Axon Instruments, Foster City, CA). Somatic-current injection was made with brief (2-5 ms) pulses in trains of 4-5 APs at frequencies ranging from 40 to 200 Hz. The measurement of additional somatic depolarization at supracritical frequencies was made by finding the maximum difference in membrane potential at the somatic electrode 8-18 ms after the last AP in the train between sub-and supracritical frequency trains. ␥-Aminobutyric acid (GABA)ergic synaptic stimulation was made with a bipolar electrode with three voltage pulses (100-200 s, up to 5 V) at 200 Hz in the presence of 50 M 6-cyano-7-nitroquinoxaline-2,3-dione and 200 M 2-amino-5-phosphonovaleric acid in the external solution to block excitatory transmission. The stimulating electrode was typically placed in layer 2͞3 or on the border with layer 1, about 500 m lateral to the cells from which the recordings were made. After recordings, slices were fixed and stained as described previously (1) imaging. Neurons were loaded with a Ca 2ϩ fluorescence indicator (250 M fura-2), which was added to the standard internal solution in both somatic and dendritic pipettes. Fluorescence changes were detected with a back-illuminated frame-transfer charge-coupled device camera (Princeton Instruments, Trenton NJ). Regions of interest (typically 5-15 ϫ 3 m) were selected on the dendrites (apical, apical oblique, and basal dendrites) at different locations from the soma. Fluorescence signals were converted to Ca 2ϩ concentrations by using the standard ratioing equations (6, 14) .
Abbreviations: L5, layer 5; APs, action potentials; GABA, ␥-aminobutyric acid; IPSP, inhibitory postsynaptic potential; [Ca 2ϩ ]i, intracellular calcium concentration.
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Results
Critical AP Frequency. We made simultaneous dual and triple whole-cell voltage recordings from the soma and apical dendrite of L5 pyramidal neurons of rat neocortex (Fig. 1A ). APs were elicited in the axon (5) by 2-to 5-ms square-pulse current injection at the soma at a series of frequencies in steps of 10 Hz ( Fig. 1 B and C, bottom traces). At lower frequencies (Ͻ98 Ϯ 6 Hz, n ϭ 31), the amplitude of four successive APs recorded at the distal dendritic site (665 Ϯ 15 m from soma, n ϭ 24) remained the same or decreased in amplitude and duration ( at the soma, which was sufficient to cause an additional AP in five neurons. The membrane potential of the fourth AP in the train recorded at the distal dendritic site ( Fig. 2A ) usually exceeded 0 mV (ϩ1.9 mV Ϯ 1.7 mV, n ϭ 26) at the critical frequency. The first AP recorded at the distal site varied in amplitude from cell to cell (29.7 Ϯ 3.8 mV, n ϭ 26, range 5-75 mV), whereas above the critical frequency, the last AP always had a large amplitude (58.9 Ϯ 1.6 mV, n ϭ 26, range 38-72 mV). When the first AP was already large, the increase in amplitude of successive APs in the dendrite was less pronounced. However, substantial broadening of the successive APs was observed in all neurons. Thus, a more sensitive measure of dendritic regenerative activity was the time integral of membrane potential (V m ) for the four APs (Fig. 2B, shaded areas) positive to the resting potential. In this way, the critical frequency was determined by the sharp increase in the integral of V m when plotted against AP frequency (Fig.  2C) . When the critical frequency was reached, the integral almost doubled from 0.70 Ϯ 0.07 mV⅐s to 1.32 Ϯ 0.09 mV⅐s (n ϭ 26). The critical frequencies determined with this method were mostly between 70 and 100 Hz (Fig. 2D) , with the distribution skewed toward higher frequencies. No cell had dendritic regenerative activity at frequencies Ͻ60 Hz.
Calcium Dependence. As the frequency of the APs was increased above the critical frequency, the last two APs recorded at the distal dendritic site tended to merge (Fig. 2B) (100 M), n ϭ 10] to the external solution. Fig. 3A shows the recording configuration with a distal dendritic recording site. The critical frequency was 90 Hz for this neuron (Fig. 3B, solid lines) . The voltage-time integral at this frequency was 1.52 mV⅐s compared with 0.38 mV⅐s at 80 Hz (Fig. 3B, dotted line) . After the addition of Cd 2ϩ , the last two APs at 90 Hz were reduced to amplitudes recorded at subcritical frequencies (Fig. 3C) , and the voltage integral was reduced to 0.58 mV⅐s at 90 Hz. The effect of crossing the critical frequency could also be blocked by the addition of 100 M Ni 2ϩ (n ϭ 3), suggesting that the activation was determined by the combined influence of both high and low voltage-activated Ca 2ϩ channels (15) . Interestingly, the amplitude of the second AP in the train increased even in the presence of Cd 2ϩ . This suggests that the mechanism underlying the frequency-dependent increase in the amplitude of the second AP of a train does not depend on voltage-gated Ca 2ϩ channels.
GABAergic Inhibition. The dendritic Ca 2ϩ -AP can be blocked by GABAergic inhibition (4) . Here, we show that the dendritic frequency sensitivity to back-propagating APs is blocked by an inhibitory postsynaptic potential (IPSP) evoked by a single inhibitory neuron (Fig. 4A) . The IPSP was generated by delivering eight somatic current pulses (at 200 Hz) to an inhibitory neuron located at the border between layers 2͞3 and 4. This neuron was connected to a pyramidal neuron from which we recorded at the soma and a distal dendritic site (700 m from the soma). At supracritical frequencies (here 100 Hz) the back-propagating APs recorded at the dendritic site merged to form a potential wave form resembling a Ca 2ϩ -AP (Fig. 4B ). This potential was blocked when the train of APs in the pyramidal neuron was preceded by an inhibitory input (Fig.  4C) revealing the underlying back-propagating APs. This blocking effect could also be demonstrated by using an extracellular stimulation electrode placed on the border of layers 1 and 2 to generate a compound IPSP in the pyramidal neuron in the presence of 50 M 6-cyano-7-nitroquinoxaline-2,3-dione and 200 M 2-amino-5-phosphonovaleric acid in the extracellular solution to block excitatory transmission (n ϭ 9). Under such conditions, the dendritic regenerative activity due to high frequency back-propagating APs could be blocked by an extracellularly evoked IPSP occurring up to 400 ms before the train of APs. Inhibition did not have a significant effect on the amplitude of back-propagating Na ϩ -APs [in contrast to Triple whole-cell voltage recording from a pyramidal neuron in an acute slice of neocortex from a 34-day-old rat. The neuron was filled with biocytin during the experiment and later reconstructed. The most distal recording pipette was placed 670 m from the soma, and another pipette was placed at the proximal apical dendrite, 340 m from the soma. (B) A train of square-pulse current injections at the soma at 70 Hz elicited back-propagating APs that decreased in amplitude substantially by 670 m, although the attenuation was small in the proximal apical dendrite. (C) When the frequency of the APs elicited at the soma was high enough (here 100 Hz), the distal dendritic voltage response was substantially altered. The amplitude and duration of each successive dendritic AP increased by up to 4-fold. Only lengthening was apparent in the proximal apical dendrite, and the somatic response was almost indistinguishable from subcritical frequencies, except for a brief time interval 8 -18 ms after the last AP, in which there was a maximum additional 9 mV depolarization (arrow). The dashed lines represent 0 mV for the distal dendritic recording.
hippocampal CA1 pyramidal cells (16) ], except at very high stimulus intensity. simultaneously from pyramidal cells at both the soma and the distal apical dendrite (Fig. 5A) . Regions of interest for imaging were chosen along the apical dendrite (and in some cells on the basal and apical oblique dendrites as well). During subcritical frequency trains of back-propagating APs, the change in [Ca 2ϩ ] i rose substantially near the soma, basal dendrites (data not shown), and proximal apical dendrites, but failed to make large changes in the distal apical dendrites (Fig. 5B, 80 Hz). However, above the critical frequency, the peak ⌬[Ca 2ϩ ] i suddenly rose to levels comparable to the soma (Fig. 5B, 100 Hz). This frequency sensitivity of dendritic [Ca 2ϩ ] i transients corresponded precisely to the critical frequency for the voltage integral, as measured at the distal dendritic site (Ϸ600 m; Fig. 5 C and D) . The peak ⌬ [Ca 2ϩ ] i at all regions is plotted as a function of backpropagating AP frequency in Fig. 5E (F) . The voltage integral recorded at the dendritic site (E) is superimposed and shows a close correspondence to ⌬[Ca 2ϩ ] i at the imaged region of interest that was closest to the dendritic pipette (region 4).
In 10 of 12 neurons, the dendritic region of largest peak ⌬[Ca 2ϩ ] i was between 400 and 700 m from the soma. In one neuron (the only intrinsically bursting neuron we found), the region with the largest peak in ⌬[Ca 2ϩ ] i was located 200 m from the soma, although the distal regions also showed large changes in [Ca 2ϩ ] i . At the soma and in the basal dendrites, the rise in ⌬[Ca 2ϩ ] i was a linear function of frequency. In one additional neuron, no critical frequency could be detected as the ⌬[Ca 2ϩ ] i rose steadily at each successive step in frequency. In all neurons, a supralinear increase in dendritic V m at the critical frequency was reflected in a concomitant supralinear increase in ⌬[Ca 2ϩ ] i in the distal apical dendrite. We therefore concluded that the Ca 2ϩ current in the distal dendrite evoked by supracritical frequency back-propagating APs is very similar to the Ca 2ϩ current during a Ca 2ϩ -AP evoked by dendritic current injection (1).
Discussion
The results indicate that each L5 pyramidal neuron is very sensitive to a critical frequency of Na ϩ -APs. The frequency range where the activation of the dendritic initiation zone usually occurs is between 70 Hz and 100 Hz, but its exact value is different for each neuron and can sometimes be as high as 200 Hz.
The mechanism underlying the frequency sensitivity is related to summation of back-propagating APs in the distal dendrite. When the APs summate to reach threshold for a Ca 2ϩ -AP, the regenerative properties of the distal initiation zone dominate the dendritic membrane potential. The initial depolarization must be prolonged, however, which is evident from the fact that single back-propagating APs often cross the threshold for a Ca 2ϩ -AP for a short time without eliciting a Ca 2ϩ -AP. Furthermore, the situation is complicated by the fact that successive dendritic APs tend to decrease in amplitude at low frequencies (5), as in hippocampal pyramidal neurons (12) , but, as we show here, increase in amplitude close to and above the critical frequency. We found that the amplitude of the first back-propagating AP varied from cell to cell, as also observed in vivo (17, 18) . However, it was the frequency of the train of back-propagating APs, not their amplitudes, that was critical for the generation of a dendritic Ca 2ϩ -AP. This also suggests that the major determinant for the initiation of dendritic Ca 2ϩ electrogenesis was the duration of the depolarization rather than the amplitude.
The dendritic AP threshold can be reduced by a single back-propagating AP (4) . Here, we demonstrate that no distal input at all is necessary for the activation of the distal dendritic initiation zone under certain conditions. It should also be pointed out that, at frequencies just below the critical frequency, the effectiveness of distal dendritic input is at a maximum. This could be demonstrated by combining a subthreshold excitatory postsynaptic potential-like current injection into the dendrite with subcritical frequency back-propagating APs that then generated a Ca 2ϩ -AP (n ϭ 6; data not shown). This indicates that the AP activity of a pyramidal neuron can itself become a mechanism for ''priming'' its responsiveness to distal dendritic input. Thus, as the neuron becomes more active, the efficacy of inputs to the dendritic tree is redistributed.
The location of the largest change in [Ca 2ϩ ] i corresponded to the site where there was the greatest change in V m , i.e., the site of initiation of Ca 2ϩ -APs. We therefore concluded that a train of back-propagating APs was evoking a Ca 2ϩ -AP. Nonetheless, the distribution of [Ca 2ϩ ] i along the apical dendrite was slightly different from the distribution of [Ca 2ϩ ] i following Ca 2ϩ -APs evoked by dendritic current injection alone (1) in that the train of back-propagating APs also caused [Ca 2ϩ ] i increases along the proximal apical dendrite. Even subcritical frequency trains of back-propagating APs caused a large Ca 2ϩ influx along the first few hundreds of micrometers of the apical dendrite (Fig. 5B) but not in regions more distal than about 400 m from the soma. The result was that the [Ca 2ϩ ] i distribution following a suprathreshold train of APs included a significant change in the [Ca 2ϩ ] i profile in the proximal apical dendrite that was the result of the back-propagating APs rather than Ca 2ϩ regenerative activity in the distal apical initiation zone.
As with Ca 2ϩ -APs evoked by dendritic current injection, Ca 2ϩ regenerative activity evoked by high-frequency back-propagating APs was also very sensitive to GABAergic inhibition. This implies that frequency-sensitive dendritic regenerative potentials can be restricted to certain areas of the cortex. In fact, a single bursting interneuron can alter the frequency sensitivity of a pyramidal neuron for hundreds of milliseconds. This suggests that, under normal circumstances with background inhibition (19) , the firing pattern of pyramidal neurons will depend mostly on the integrative properties in the axon until inhibition is released for long enough for the dendritic initiation zone to contribute to axonal AP generation. The powerful effect of inhibition on dendritic regenerative activity during bursting has already been demonstrated in neocortical pyramidal neurons (4, 9) and in hippocampal pyramidal neurons (10, 20) . In summary, we have shown that neocortical pyramidal cells are very sensitive to the frequency of axonic Na ϩ -APs, with critical frequencies usually between 70 Hz and 100 Hz. When this critical frequency is reached, there is a sharp rise in dendritic [Ca 2ϩ ] i and a prolonged dendritic depolarization, which could lead to changes in the integrative properties of the neuron and affect Ca 2ϩ -dependent metabolic processes in the distal dendrites.
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